Tungsten-potassium (potassium-doped tungsten or WK), initially known from the electric filament industry, is a promising plasma-facing material (PFM) in future fusion facilities like International Thermonuclear Experimental Reactor (ITER). However, the brittle nature of W and irradiation-induced defects of WK materials may result in a risk of deuterium-tritium reaction failure in fusion reactors. Previous studies revealed that advanced W with ultrafine grains and nanostructures might be able to address these problems. However, K-doped W, a rapidly developed material for PFMs, lacks a systematical summary. In this review, we firstly describe the powder metallurgy and plastic deformation for the preparation of WK. Then, the mechanical properties of WK and thermal shock resistance results are reviewed. Important issues such as irradiation damages from neutron, heavy ion, and plasma (H isotope or He) irradiation are also discussed. Hitherto, WK under irradiations shows comparable or even better performances compared with other counterparts such as ITER grade pure tungsten. This review could be benefitial to the future efforts of improving the ductility and irradiation tolerance of WK materials.
Introduction
The development of plasma-facing materials (PFMs) is a crucial issue in applications of fusion which is a promising way to address the oncoming energy crisis [1] . PFMs, especially divertor materials are exposed to extremely high thermal loads from plasma bombardments as well as neutron irradiations [1] [2] [3] [4] . To realize high performances under severe environments for the next-generation plasma devices in the future, innovative materials including C, Be, and W for plasma-facing components have been developed for many years [5] [6] [7] [8] .
Tungsten, a high-atomic number (Z) material, is considered as a potential candidate for PFMs due to its excellent thermal conductivity, high melting point, low sputtering erosion yield and low tritium retention [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the brittleness of W and irradiation-induced damages would inevitably bring some uncertainties when W-based materials are utilized in a deuterium-tritium (DT) reactor. Considerable efforts were dedicated to improving W-based materials for present and near-term experiments [5, 6, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Generally speaking, ultrafine grains and nano-structures are widely applied to improve the performances of W in extreme PFM conditions. Three types of materials stand out and show excellent performances in either mechanical tests or irradiation experiments. The first category is rhenium (Re)-solid-solution-strengthened W. In this material, the element atoms alter dislocation morphology and change the behaviors of interstitial atoms, leading to a distinct improvement of ductility. Oxide-or carbide-dispersion-strengthened W can improve the strength, creep resistance, and irradiation tolerance. However, the grain boundaries (GBs) are easily weakened due to the segregating or growing of oxide particles at GBs. The accompanied stress concentration makes a significant reduction in toughness. Tungsten-potassium or potassium-doped tungsten (WK), which brings in nano-sized K bubbles to pin GBs and dislocations, and simultaneously enhances the toughness and strength, is of great importance in PFMs [12, 13, 16, [27] [28] [29] [30] [31] [32] [33] [34] [35] . The main mechanical properties and preparation of WK are reviewed in this paper. Moreover, thermal shock performances, irradiation resistances, as well as their relations with the properties of WK are also revealed. We hope this communication may be beneficial in guiding the main researches and development directions of WK PFMs for future fusion facilities.
PFMs and WK
For the successful application of WK, it is requisite to find out the ambient temperatures and exact irradiation conditions, which would degrade service performances of PFMs. High thermal loads, high-energy neutrons, and high-flux plasma particles would bombard the PFMs and divertor surfaces neighboring the plasma; so sputtering by plasma impurities, retention of hydrogen isotopes and damages by energetic neutrals should be carefully considered [36, 37] . That is to say, the engineering challenges of International Thermonuclear Experimental Reactor (ITER) are strongly linked to the improvement of materials which can withstand the extreme conditions.
To be more specific, these service conditions include high-energy neutron (14.1 MeV) bombardments, highfluence-rate plasma erosions [10 24 H + m −2 s −1 (1-10 eV), 10 22 -10 24 He 2+ m −2 s −1 (< 500 eV)], and intense thermal loads (up to 20 MW m −2 ) [1, [38] [39] [40] [41] [42] . Furthermore, transient pulsed heat loadings (up to GW m −2 ) by major disruptions, vertical displacement events, and edge localized modes could also be applied to the divertor surfaces. Figure 1 shows the main irradiation conditions of PFMs and the corresponding problems related to material damages.
For all W-based PFMs, it is crucial to figure out the best balance in plasma compatibility, neutron irradiation resistance, reliability, security, and availability. After longterm unremitting efforts by scientists all over the world, many branches are developed in W-based PFMs, including composites (oxide-doped W, etc.) and alloys (W-Re, etc.). Pertinent reviews of W-based materials for fusion applications are well organized [2, 4, 8, 9, 13, 15, 22, 28, 36, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . However, WK as a rapidly developed PFM has not been specially summarized yet.
The development of "ductile tungsten" by William D. Coolidge in 1909 marked the breakthrough for the application of W filaments in the lamp filament industry [51] . But the K-filled bubbles in W filaments of electrical lamps were not verified until the 1960s [51] . Figure 2 shows the typical K-bubble evolutions of commercial K-doped tungsten preparation. First, the W rod is sintered in the hydrogen flow and the size of K bubbles is ~ 200 nm during vertical sintering. Then, the K bubbles are transformed to ellipsoids via multipass swaging and drawing. The ellipsoids will disintegrate into a series of nano-scaled K bubbles at high temperatures because of Rayleigh instability when the aspect ratio of ellipsoids (K bubbles) exceeds a critical value. The pattern of K bubbles is the reason why WK wires are widely used, while demanding bulk materials are not applied in many conditions [17, 18, 23, [52] [53] [54] .
Recently, it is generally recognized that WK is a metal matrix composite because the non-alloyable constituent K, is almost insoluble in W. The K bubble in W is recognized as the strongest pinning phase at high temperatures against the migrations of GBs and dislocations [51] . The excellent performances of the WK filaments at high temperatures make people associate them with the possible applications in nuclear fusion installations [16, 19, 24, 25, 31, 32, 38 , Fig. 1 The main irradiation conditions of PFMs and the corresponding damage problems [55] [56] [57] [58] [59] [60] [61] [62] [63] . On the basis of summarizing the previous research work, this paper briefly reviews WK performances including mechanical properties, the resistance to thermal shock, and irradiation tolerance.
Preparation of WK
As alkali metal K possesses very special physical and chemical properties (low melting point, stickiness, soft, high reactivity, oxidability, etc.), it is intractable to obtain a uniform dispersion of K in W. Through sintering, pressing, and the thermomechanical treatment, an elongated fibrous structure with the addition of K to W can be produced by some commercial corporations [32] .
A majority of K-doped W materials reported in the literature are fabricated by commercial companies. K-doping and Re-added W-based materials were prepared through cold isostatic pressing, sintering, hot rolling, and the final heat treatment by A.L.M.T. Corp. Japan [22] . A 3.2 × 10 −3 wt%-K-content rod (a diameter of 20 mm) was also made through powder metallurgy (PM) and swaging by A.L.M.T. Corp [28] . In Europe, WVWM (a K-doped W material by vacuum metallizing) bulks whose diameter was 15 mm and the deformation degree was 1.7 [31] were fabricated by PLANSEE AG. OSRAM GmbH, Schwabmuenchen [35] manufactured K-doped (6 × 10 −3 -7.5 × 10 −3 wt%) W wires by drawing. Allied Material Corp. [24] produced pure W (PW) and WK rods via using similar powder metallurgy and swaging processes.
The preparation of most self-developed WK materials generally consists of three steps: mechanical alloying powder, powder metallurgy sintering, and plastic deformation process [14, 43, 62] . It is essential to keep K inside the refractory metal and make sure no open pores are existing through which K could escape (the boiling point of K is only 1043 K). The growth of K bubbles particularly in wires or bulks, which is induced by creep stress, could be detrimental in the actual production process.
Fine-grained WK bulks were spark-plasma-sintered (SPSed) through the evaporation of K by Tang et al. [62] . Commercial W and K powder was chosen as the initial materials. The K powder was placed into a crucible at an argon atmosphere with high purity. First, the W powder and crucible were sealed into a quartz tube under a vacuum environment. Next, the quartz tube was heated to a certain temperature to evaporate K. Finally, the tube was cooled down and rotated to help K vapor to sufficiently mix with W powder. After sintering of the mixed powder in SPS devices, fine-grained WK bulks (the relative density of 95.6%) with homogenous microstructures were successfully fabricated [62] . Figure 3 shows the main sintering scheme and scanning electron microscope (SEM) micrographs of W/K mixed powder.
To produce K bubbles in W more effectively, the method of evaporating K is gradually replaced by the hightemperature decomposition of AKS (aluminum potassium silicon) powder. This method utilizes the formation and decomposition of the Al-K-Si-O compounds. More dense WK bulks were produced through AKS powder sintering and swaging by Yan et al. [16] . They firstly prepressed the doped AKS powder to ~ 55% of theoretical density, and then kept them at ~ 1473 K for 40 min. After sintering at ~ 3073 K for 15 min, the WK rods could achieve the densification. The sintered WK rods were swaged at 1873 K and the diameter was reduced from 15 mm to 9 mm after this process. Subsequently, to improve the deformability, the WK rods were annealed at 2373 K for 60 min in the hydrogen atmosphere. Finally, these deformed bulks (the relative density of 98.2%) showed significantly improved mechanical properties and thermal resistances which would be discussed later. Both the grain size and relative density of WK bulks, fabricating from commercial AKS precursor powder, were influenced by the parameters of the sintering process when it was sintered using the SPS equipment at moderate temperatures. Typical WK samples WK82 (K content 8.2 × 10 −3 wt%) and WK37 (K content 3.7 × 10 −3 wt%), 99.9% purity powder with the particle size of < 5 um, were sintered in two steps: The materials were heated up from room temperature (RT) to 873 K in 5 min; Then with a heating rate of 100 K min −1 , they were warmed up to ~ 2023 K and preserved at that temperature for 3 min. During the entire sintering process, a pressure (80 MPa) was always conducted on the materials. The whole fabrication of SPS-WK bulks was elaborated in a series of literature [26, 38, 52] . Figure 4 displays the AKS-SPS process and two-step sintering route for WK82 (the black curve represents the pressure procedure while the red curve represented the temperature procedure).
WK preparations were further developed by adding metals or carbide materials to AKS powder [25, 39, 64] . Some metal elements (Mo, Ti, and Y) powder was doped with AKS powder and alloyed them mechanically in a planetary ball in an argon atmosphere [19, 39, 64] . The grain size of powder was refined obviously by optimizing the rotation speed and ball-powder ratio. Carbide was used to replace alloyable metal elements and also obtained some useful results [65, 66] .
In a word, similar but slightly different from other advanced W material preparation processes, it is valid to prepare WK ingots based on PM methods. The performances of the sintered samples are closely linked with the quality of the starting powder. So, few impurities and fine grains of the starting powder are the goals during preparing powder. Improving the sintering process and ball milling techniques can also further enhance the performances of WK materials. Adjusting the content of doping particles has a significant influence on the sintering property too. A lot of plastic deformation studies show that WK fabricated by sintering is affected by processing temperatures and pressing channel times. The main preparation processes, related techniques, and concerned points of WK are shown in Fig. 5 [27, 67, 68] .
Mechanical properties of WK
The thermal shock resistance and irradiation tolerance of W-based PFMs are intimately related to the toughness, strength, and ductile-brittle transition temperature (DBTT). At temperatures above DBTT, cracks begin to appear when the thermal stress exceeds the ultimate strength of the material. At temperatures below DBTT, cracks begin to appear too, if the yield strength is smaller than thermal stress. For this reason, remarkable mechanical properties and high-temperature stability are desirable for the thermal resistance and irradiation tolerance of PFM applications [43, 46] . These conclusions and experience apply equally to WK materials as well. Improving the ductility and strength of WK has been a significant goal over last few years as mechanical properties are the basis of the heat shock resistance and irradiation tolerance. As a K-bubble-strengthened material, microscopic features of WK such as the number density, size, and distribution of K bubbles are important parameters which influence the mechanical properties and thermal resistance [69] [70] [71] [72] . Several tests including hardness and tensile tests are employed to investigate the hardness, strength, toughness, ductility, and fatigue properties. It was revealed that for all WK samples (the K vaporizing method), the Vickers hardness followed a similar tendency to the density which was firmly related to the SPS temperature and pressure [62] . Figure 6a shows the hardness values varying with the sintering pressure and temperature, while Fig. 6b is a typical surface optical microscopic image of WK bulk. The maximum hardness of SPS-WK (5 × 10 −3 -4.22 × 10 −2 wt% K content) samples via K vaporizing was ~ 350.8 MPa. Moreover, the sintering temperature played a more critical role in improving hardness than that of pressure. At higher temperatures, during the sintering process, grain boundaries moved faster than pores and finally pushed K into the matrix. However, excessive K would generate more poriferous microstructures which would decrease the density and Vickers hardness [62] .
WK wires which displayed good ductility and high strength at high temperatures were used as a reinforced phase to enhance mechanical performances. Literature [57] showed that K-doped W wires could enhance the overall operating temperature and the allowed fabrication temperature of the W-based composite. W-fiber (containing K, W f )-reinforced composites could show pseudo-ductility even at RT. Furthermore, not only the K-doped wires annealed at 2573 K exhibited much low fracture stress, but also the fracture mechanism also differed, namely: fracturing (ductile necking) above 573 K and fracturing (brittle cleavage) below 573 K. K-doping to the wires did not drastically alter the mechanical behaviors and the fracture would occur by grain delamination and elongation [34] .
The microstructural and mechanical properties of K-doped W wires were investigated to suppress the degradation of the mechanical properties for the fiber-reinforced composite at high temperatures. K-doping was confirmed to retard the brittleness induced by thermal at specific conditions by Terentyev et al. [35] . After the thermal treatment at 2573 K and examination of those wires between 295 and 873 K, it was demonstrated that the local strain of the necking region could reach up to 50%. Moreover, the ultimate tensile strength (UTS) descended while the total elongation rose monotonically as the temperature went up. This descending of UTS implied that the wires would bring a weak resistance to the crack propagation when the fiberstrengthened composites were subjected to extreme heats (~ 2573 K). Typical tensile curves (engineering stress-strain) of the K-doped wires tested at RT are shown in Fig. 7 . The inset displays the zoom of the yield point area at which the wires annealed from 2173 to 2373 K [34, 35, 63] . Their works interpreted the role of K-doping on the improvement of the mechanical properties of W wires and gave an indication for the service temperature range of W f /W composites [35] .
K-doping is found to benefit mechanical and thermal behaviors at least in several aspects: strength, ductility, DBTT, and strain rate sensitivity. After conducting a lot of mechanical and thermal tests on K-doped W, Sasaki et al. [58] and Fukuda et al. [22] found the yield strength of K-doped W was much higher, while the DBTT of K-doped W was lower than those of PW. There were no negative effects of K-doping on temperature-and strain rate-induced changes during tensile tests. Their analyses emphasized the [58] . K-bubble dispersion could obviously decrease the strain rate sensitivity of W-3wt%Re (denoted as W-3%Re) and improve ductility and strength of W-3%Re at low temperatures, though the fracture strain of K-doped W-3%Re was lower than that of W-3%Re at 473 K and 573 K [22] . Moreover, in solid-state diffusion bonding including K-doped W-3%Re and K-doped W, high recrystallization temperatures of WK were confirmed to be sturdily effective [29] .
It was demonstrated that K-doping not only led to improving tensile strength but also hardly changed the elongation, regardless of the test direction and temperature [24, 28] . The ductility of W at low temperatures was enhanced via the K-doping, especially in the direction along the radial [28] . In W rods with large diameters, K-doping could retard the influence of microstructural anisotropy, especially the ductility during tensile tests. Figure 8 shows the tensile properties: UTS and total elongation of K-doped W (KW in figures) and PW versus temperature [24] .
The differences of microstructure for PW and WK were studied to explain the discrepancy of mechanical properties. Compared with PW rods, swaged K-doped W rods showed a preferred orientation (more compact along the [1 1 0] orientation), a finer grain size, and a more homogeneous grain size distribution [24] . Tensile tests along the axial direction indicated higher tensile strength in the K-doped W rods than that of PW rods. Besides, 3% Re adding to a K-doped W rod could improve recrystallization and grain growth behaviors. High-property WK PFM applications could be expected with cautious consideration of the doping constituents and fabrication processes [24] .
The superior properties at high temperatures and suppressing recrystallization due to K-doping were also demonstrated by Nikolić et al. [56] . The grain growth and full recrystallization in wires were successfully enhanced to temperatures higher than 1600 °C by doping K. In their views, the utilization of K-doped wires (W f /W composite) was highly recommended to serve as the structural materials for future fusion facilities [55, 56] .
It was found that the decrease in the strain rate improved the ductility of W-based materials. A series of studies on recrystallization, ductility, and DBTT indicated that acceptable ductility was observed in the annealed WK materials [32] . Meanwhile, some researches were pointed out that the K-doped W grade WVWM (supplied by P LANSEE AG) could be a promising PFM for future fusion reactors (ITER and DEMO) [32, 59] .
Systematical studies on the ductile-brittle transition of nano-K-bubble-strengthened WK (KB-W) were carried out [25, 52, 65, 66, 73, 74] . Table 1 and Fig. 9 display the main tensile results of the DBTT, UTS, and K IC (fracture toughness) of K-bubble W and PW. The DBTT (below 573 K) of KB-W is much lower than that of PW and other advanced W-based materials which were sintered in SPS devices. The UTS of KB-W is ~ 150 MPa higher than that of PW at temperatures from RT to 873 K. There is at least 50% of increment in the K IC through the three-point bending tests at temperatures from RT to 1473 K. Roughly speaking, strength and toughness in metals are inevitably a trade-off, but in KB-W, not only the hardness and UTS are improved, but also K IC is enhanced clearly [52] . Huang et al. [73] and Tang et al. [74] further rolled and forged the SPS-WK bulks and found that the best K content was ~ 82 ppm and the recrystallization temperature (Rct) was still larger than 2073 K.
The doping content, relative density, and grain size of W-K-Mo-Ti-Y bulk samples and their dependence on hardness were investigated [64] . With the increasing Mo addition, the relative densities and grain sizes of all bulks changed hardly, but an apparent decreasing trend of hardness was found. Hall-Petch relationship was not the only decisive reason for the Vickers hardness changing in this poly-component material. Another reason could be the nonhomogeneous microstructure in W-K-Mo-Ti-Y alloys [64] . Y-doping of WK could obviously enhance hardness by suppressing the increasing of the grain size [25] . The doping of TiC particles, which hindered recrystallization in WK, made a visible increment of Rct (in the range of 1673-1873 K) [65] . With the addition of TiC, the tensile strength was improved drastically at RT (elevating from 141 to 353 MPa). The strength and hardness enhancements were partially contributed from refined grains. TiC pinning and the relative density also contributed to the strength and hardness improvements. Generally speaking, the TiC doping could visibly refine the grain size, leading to an increment of the RT tensile strength for WK materials [66] .
Most mechanical tests indicate that either K-doped wires or WK bulks show excellent mechanical performances at high temperatures compared with other W-based materials. WK-Re, WK-TiC, W f /W, WK-Y, WK-Ti, and WK prepared by different fabrication techniques all utilize the strongest high-temperature barriers (K bubbles) to hinder dislocation movements and enhance mechanical properties. Further researches will be needed to improve the mechanical properties of WK from the following several aspects:
Firstly, some experimental results obtained from different test conditions might be different to some extent. For the specific engineering applications of PFMs, it will be better to establish a set of recognized mechanical test standards to measure primary indicators of various WK materials, such as hardness, strength, toughness, DBTT, Rct.
Secondly, the mechanical properties are closely linked to the preparation process. As mentioned above, the morphology of nano-K bubbles, the control of the powder oxygen content, and the addition of multiple components require careful considerations. In general, there are many margins for the improvements in powder selecting, WK sintering, and deep processing of WK bulks.
Thirdly, the diversities of the microstructure in WK materials determine the differences of the mechanical properties. The typical ultrafine-grained/nanostructured WK (ultrafine grains with nano-scaled K bubbles) which is successfully applied in other fields is of great potential, but the instability of these structures at high temperatures is needed to be considered.
Resistance to thermal loads
It is widely believed that the lowest armor temperature is ~ 800-900 °C; while for the surface on the divertors, the maximum temperature is undoubtedly higher than 1700 °C.
However, these temperatures which are strongly dependent on the fusion power plant design are not precisely figured out [44] . So, crucial issues in WK-based PFM researches are: how to simulate the high thermal environment in fusion and how to estimate the heat resistance of different WK materials. So far, experimental or computational researches are used to solve these problems.
The resistance to thermal shocks of different materials was judged by comparing the morphology (crack, melting pool, roughness, etc.) or performances after thermal shock tests. Typically, a high-power laser beam or electron beam was utilized to simulate the transient thermal loading with short pulses (duration of several milliseconds). Pinkstuk et al. [31] simulated the fusion short transient events through single and multiple thermal loads tests in Juelicher Divertor Test Facility. Single and multi-pulses (100 times) were applied on a surface area of 4 × 4 mm 2 of WVMW (a K-doped W material provided by PLANSEE AG) at base temperatures (up to 600 °C). The duration of the pulse was 1 ms, and the power densities were 0.32, 0.63, and 0.95 GW m −2 , respectively. The surface roughness versus base temperatures and morphology changes after 100 shots with different test conditions are shown in Fig. 10 . In these tests, HF meant the heat flux factors which considered both absorbed power density and pulse duration.
As roughening after thermal shock testing was directly related to the ductility of the material, higher roughness for annealed materials meant more plastic deformation. The shift of the crack threshold might be related to a decreasing strength of the bulk material at higher temperatures. The test results of as-received and recrystallized/annealed K-doped W indicated that the degree of plastic deformation produced by repeated thermal shocks was increased due to a visible increment in ductility after recrystallization. On the one hand, this led to an increment in surface roughness. On the other hand, the temperature threshold was decreased by ~ 50 tp 100 °C for the absorbed power density of 0.95 GW m −2 for 1 ms (100 pulses) [31] . 10 4 pulses were conducted (0.32 GW m −2 ) to investigate the relation of crack formation and the cycle number. The WVMW (a K-doped W material provided by PLANSEE AG) showed the lowest transition temperature as no crack formation was detected at temperatures between 150 and 200 °C.
Numerical simulations, such as the finite element method (FEM), are playing an increasingly important role in the thermodynamic research. Some simulation evidences showed K-and Re-doping in W could obviously enhance the thermal shock resistance [75] . As K-doped W-3% Re and K-doped W showed larger strength and Rct than those of PW, K-doped W-3% Re and K-doped W were evaluated to replace PW PFM after thermomechanical finite element analysis by Nogami et al. [75] . Their researches pointed out that K-doped W-3% Re and K-doped W showed lower applied strain to the divertor and longer fatigue life than those of PW. Their finite element analysis (FEA) also indicated that an extension of the fatigue life could be achieved by K-doping and K-Redoping [75] .
The thermal conductivity of PFMs affects the heat transferring and thermal stress which is induced by the temperature gradient; so, it is one of the most critical parameters. The addition of Re obviously affected the conductivity and thermal diffusivity as well as the temperature dependence; while K-bubble dispersion, which apparently improved the mechanical properties, hardly influenced the conductivity and thermal diffusivity of PW [52] . Re-addition and K-doping had insignificant effects on the specific heat capacity for PW [20] . Tang et al. [52] found that the thermal conductivities of KB-W at RT were mildly smaller than that of PW (174 W mK −1 ) as shown in Fig. 11 . The K bubbles had superiority over prevalent doped components (ceramic) because most of the ceramic would drastically worsen the thermal conductivity of W-based materials [52] . The cracking threshold was an intuitive parameter of the thermal resistance for PFMs. To find the cracking threshold of WK, Huang et al. [52, 73] conducted a 5-ms electron pulse on the KB-W samples with different power densities at RT in Southwestern Institute of Physics to simulate the plasma disruption in Tokamaks. The three-dimensional (3D) surface morphologies and SEM images in Fig. 12 show that no cracks are observed until the absorbed power density reaches 0.74 GW m −2 . At the same time, some melting is found in certain areas and the cracks propagated predominately along the GBs. The surface roughness increases triflingly when the absorbed power density of 0.37-0.62 GW m −2 is conducted. It was proposed that the surface roughening was induced by the competition between thermal stress and yielding strength [52] . Ti-and Y-doping had a positive effect to some extent on the thermal resistance of WK materials. Transient thermal shock tests were conducted under the absorbed power density of 0.37 GW m −2 thermal pulse (5 ms) for WK-based multicomponent alloy [35, 65, 66] . Cracks were found in all the samples apart from W-K-2 wt% Mo-Ti-Y, which might be attributed to the increase of ductility [39, 64] . Both micro-and macro-cracks took place in non-doped samples, but the doped samples could endure the absorbed power density of 0.37 GW m −2 transient thermal shock without any apparent cracks. The refinement of grains would lead to , respectively). TS of SEM means the surface temperature of KB-W which is calculated by using FEA in ANSYS software. Sa of the 3D profiles is the surface roughness of KB-W. a-d Reproduced with permission from Ref. [52] Copyright 2019 Elsevier an increment of strength and the micro-hardness. Another advantage was that Ti atoms and Y atoms could absorb free oxygen in the GBs, which was usually thought to be the original damage source when encountering irradiation [39] .
Recrystallization would take place during the thermal shock on W-K-TiC samples. The duration of the thermal pulse played a more significant role in recrystallization than the pulse numbers. Furthermore, the surface temperature was calculated to be ~ 1475 K and 660 K after a thermal shock of 5 ms and 1 ms, respectively. As a result, recrystallization of the samples after 5 ms for single shot tests tended to be more obvious [65] . WK-0.25 wt% TiC sample contained the minimum cracks, while the W-K-2 wt% TiC sample had the narrowest crack width as shown in Fig. 13  [66] .
The SPSed W-K-Ti and W-K-TiH 2 materials showed a higher Rct than those of the swaged samples [19] . A further thermal shock with large duration could result in recrystallization zone growth and propagation, which would bring on major cracks of the samples. In addition, due to intra-nanotitanium effect and deoxidization, TiH 2 -doping showed better thermal shock resistance than that of Ti-doing in WK [19] . The cross section of SPS-0.05Ti-W-K material after thermal loading is shown in Fig. 14 . Recrystallization was induced by a single thermal pulse with a power density of 0.37 GW m −2 and the duration of 5 ms. Furthermore, although no visible macro-cracks were found on the surface of the sample (Fig. 14a) , micro-cracks could be detected in the recrystallization zone (RZ-MC) as displayed in Fig. 14b .
It was inferred that the thermal stress caused GBs to rupture when the tensile strength of surface during the cooling stage was smaller than the stress [19] .
After collecting the main crack thresholds from the previous literature, the comparison between K-doped W and PW were summed up in Table 2 . These threshold values once again proved the outstanding resistance to thermal loads of WK materials. The crack thresholds of other advanced W-based materials (W-Y 2 O 3 , W-Y, and W-TiC et al.) were listed in the relevant literature [52, 78] . Most of their values were better than these of PW but gave an overlapping range of WK.
Irradiation tolerance
The irradiation from the high fluence rate (~ 10 24 m −2 s −1 ) and low energy plasma would cause the erosion and damage on the surface of many PFMs. Moreover, the retention behaviors of H isotopes (especially T) for PFMs have significant impacts on the tritium fuelling. Therefore, the irradiation tolerance to plasma is a fundamental problem for PFMs. However, the hydrogen isotope retention behaviors and plasma irradiation damage of WK materials have not been systematically investigated yet. Some significant efforts and contributions on the irradiation damage or radioactivity on WK are referred below.
Surface morphology changes were observed when SPSed WK, PW and commercial WK were irradiated by He-plasma (precisely to be He-ion with low energies) irradiation. Pinholes were found under 120 eV He + ions at 600 °C with the total fluence up to 1 × 10 23 m −2 on the surfaces of all samples as displayed in Fig. 15 . SPSed WK showed the best irradiation tolerance among the three materials, and SPSed PW exhibited higher irradiation tolerance than that of commercial WK [61, 62] . It was also found that more K-doping led to better tolerance to He-plasma irradiation. This indicated that K-doping could be useful in improving He irradiation tolerance for all W-based materials [60] .
Blistering and cracking behaviors were strongly dependent on doped materials and microstructures of W. For materials with a layered microstructure, blister shapes were mostly spherical-like, while for recrystallized (or disordered) microstructures, blisters had complicated plateau-like shapes with many cracks [11] . La 2 O 3 -doped W, K-doped W, and PW were irradiated by 1-keV H 3 + ions to study the blistering and cracking behaviors by Ueda et al. [8, 11] . Two heat treatments were carried out for stress relief and recrystallization before ion irradiations (annealing temperatures of 1300 °C and 1500 °C for PW and doped W, respectively). Figure 16 displays the surface morphologies and microstructures for stress-relieved and recrystallized K-doped W, which were irradiated by H 3 + ions (total fluence: 1 × 10 25 m −2 ) at 653 K. The addition of K or La 2 O 3 dopants increased the number of blisters and exfoliations for both stress-relieved and recrystallized W [11] .
The ultrafine grain structure and inter-granular enhanced He diffusion behavior of the mechanical alloying (MA)-processed material would benefit in the improvement of the resistance to exfoliation. 3-MeV He-ion irradiations at RT, 400 °C, and 550 °C were used to study the exfoliation and blistering of several W-based materials by Ogawa et al. [30] . W-0.3 wt% TiC, K-doped W, and PW were examined to search a method of retarding the surface damage. In RT irradiations, the surface exfoliation was observed at the fluence of 1-2 × 10 22 m −2 for all the tested specimens as shown in Fig. 17 . The surface exfoliation behavior of PM-W was similar to that of PM-KW and the surface exfoliation occurred with inter-granular cracking of the blistered skin [30] .
Desecures et al. [5] regarded WK, W-La 2 O 3 , W-Ta, and W-TiC as the most attractive alloys for divertors and armors in both ITER and power plant conceptual study (PPCS) facilities. To clarify the activation of these W-based materials, they made plenty of theoretical analyses and calculations. In their views, the specific activity and recycling dose of these four alloys closely matched that of W with nominal impurities at all time after shut-down. The W transmutation was strongly dependent on the neutron spectrum and fluence. The transmutation was < 1% for a W-based divertor and 5-8 at% for a W armor at the end of the blanket lifetime [5] . The low transmutation ratio might not impair the physical properties of divertor W alloys. But after a typical DT neutron irradiation for 30 years, the pure W would turn into W-Re-Os-Ta alloy. These non-W atoms would exhibit different properties and be detrimental in the protective role of the W armor [5] .
Similar damage structures were generated in PW, Ladoped W, K-doped W, and W-TiC. The effects of neutron irradiation on the service performances of advanced W alloys and PW were investigated in an experimental fast reactor Joyo or the Japan Materials Testing Reactor [21] . The irradiation temperature was in the range of 804-1073 K, while the displacement damage was ~ 0.15-0.47 displacement per atom (dpa), respectively. All samples after a 0.42 dpa damage at 1023 K displayed voids, black dots, and dislocation loops in transmission electron microscope (TEM) images (Fig. 18) . The electrical resistivity of all materials was increased after neutron irradiation while almost the same electrical resistivity and irradiation hardening were detected in La-doped W, K-doped W and PW [21] .
In general, for WK materials, compared with mechanical experiments and thermal shock tests, whether it is neutron irradiation, plasma irradiation, or even heavy ion irradiation, pertinent experiments and data are relatively rare. However, from the currently limited irradiation damage results, most of the WK materials, especially the WK alloys with ultrafine-grained/nanostructured, have a stronger radiation resistance than that of PW and are at the same level as that of other advanced W-based PFMs [74] . In respect to the improvement of the radiation resistance of WK, the principles and improvement schemes of the irradiation damage are the same as those of other advanced W-based materials. There is a need for more systematic and further researches in this field. 
Conclusion and outlook
For successful PFM applications, it is imperative to know what would happen on K-doped W in the service environment which may degrade properties of materials. After summarizing the recent activities in the development of PFMs focusing on WK-based materials, some conservative conclusions and outlooks can be made. During the last few decades, the developments of WK materials in various aspects enrich the knowledge pool and benefit to show the way of high-performance WK PFMs for fusion reactors. WK or W f /W bulk with remarkable hightemperature mechanical properties and high thermal resistance are successfully fabricated through making powder, sintering bulks, and ingots post process techniques. Furthermore, WK materials fabricated through forging, rolling or swaging techniques based on powder metallurgy formed bulks show robust tolerance to particle irradiations.
WK materials are deemed as attractive potential PFMs for future fusion reactors. Nevertheless, to meet the real conditions of fusion reactors, the properties of the current WK materials should be further enhanced. One way is to optimize the microstructure parameters such as the grain size, K-bubble size, density and dispersion of K-bubble, and other doped-particles distribution. Another target is to improve Rct, and decrease the DBTT and impurity content which would change the ductility drastically. Thirdly, plastic deformation processes and heat treatments could be further developed to obtain WK materials with desired microstructures and properties. What needs extra attention is that most properties of WK materials are obtained under highly simplified conditions, which may be not adequate to suffer the real service environment in future fusion devices. The synergistic effects of multi-irradiation (thermal, plasma, and neutron) which may lead to more severe degradations are worth further researches.
